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The antikaon optical potential in hot and dense nuclear matter is studied 

m ' 

I within the framework of a coupled-channel self-consistent calculation taking, 

' as bare meson-baryon interaction, the meson-exchange potential of the Jiilich 

m ' 

group. Typical conditions found in heavy-ion collisions at GSI are explored. 
| As in the case of zero temperature, the angular momentum components larger 

Q : 

than L = contribute significantly to the finite temperature antikaon optical 
potential at finite momentum. It is found that the particular treatment of the 
medium effects has a strong influence on the behavior of the antikaon potential 
with temperature. Our self-consistent model, in which antikaons and pions are 

X' 

<-h ' dressed in the medium, gives a moderately temperature dependent antikaon 

' 



o 



potential which remains attractive at GSI temperatures, contrary to what one 
finds if only nuclear Pauli blocking effects are included. 
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Keywords: KN interaction, Kaon-nucleus potential, A(1405), Finite temper- 
ature, Heavy-ion collisions 



1 



I. INTRODUCTION 



The study of the properties of hadrons in hot and dense matter is receiving a lot of 
attention in the last years, in connection to the experimental programs at SIS-GSI, SPS- 
CERN, RHIC-BNL and the forthcoming operation of LHC ffl]. A particular effort has been 
invested in understanding the properties of antikaons due to the direct implications they 
have in astrophysical phenomena. If the antikaon mass drops in matter below the electron 
chemical potential, a condensed fraction of K~ would appear [Q, giving rise to a softer 
nuclear equation of state and to a substantial reduction of the maximum mass that neutron 
stars could sustain (see updated references in Ref. ||). 

There have been some attempts to extract the antikaon-nucleus potential from best-fit 
analysis of kaonic-atom data and some solutions favor very strongly attractive well depths of 
the order of 200 MeV at normal nuclear matter density ||. However, recent self-consistent 
calculations based on a chiral lagrangian |5|-|7j or meson-exchange potentials || only predict 
moderate attractive depths of 50 to 80 MeV. In addition, studies of kaonic atoms using the 
chiral KN amplitudes of Ref. [[| show that it is indeed possible to find a reasonable repro- 
duction of the data with a relatively shallow antikaon-nucleus potential ||10|| , albeit adding 



an additional moderate phenomenological piece pT| . This has been recently corroborated 
by a calculation []12|| , where a good fit to both scattering K~p data and kaonic-atom data 
only required to modify slightly the parameters of the chiral meson-baryon interaction model 
of Ref. [13[]. The lesson learned is that kaonic atom data do not really provide a suitable 
constraint on the antikaon-nucleus potential at normal nuclear matter density. 

Heavy-ion collisions can also offer information on the modification of the properties of 



hadrons. In particular, the enhanced K / K + ratio measured at GSI [14| can be understood 



assuming that the antikaons feel a strong attraction fTBHTql , although other interpretations 
in terms of the enhanced cross sections due to the shifting of the A(1405) resonance to higher 



energies have also been advocated 0], a mechanism that was already suggested in Ref. [19fl 
to explain the data of K~ absorption at rest on 12 C [ pO| , pT |. 
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In fact, the antikaon- nucleoli amplitude in isospin / = is dominated by the presence 
of this A(1405) resonant structure, which in free space appears only 27 MeV below the KN 
threshold. The resonance is generated dynamically from a T-matrix scattering equation in 
coupled channels using a suitable meson-baryon potential. The coupling between the KN 
and tiY (Y = A, E) channels is essential to get the right dynamical behavior in free space. 
Relatedly, the in-medium properties of the A(1405) such as its position and its width, which 
in turn influence strongly the behavior of the antikaon-nucleus optical potential, are very 
sensitive to the many-body treatment of the medium effects. Previous works have shown, 
for instance, that a self-consistent treatment of the K self-energy had a strong influence 
on the scattering amplitudes 0-0 and, consequently, on the in-medium properties of the 
antikaon. The incorporation of the pion with its medium modified properties also proved to 
be important , although most works until now have ignored it 0,0||[12[ . 



In our previous work || we performed a study of the antikaon properties in the medium 
within a self-consistent dynamical model which used, as bare interaction, the meson- 
exchange potential of the Julich group P^] . Since antikaons are produced at finite mo- 
mentum, we focussed on the effect of high partial waves, typically excluded in the chiral 
models We note, however, that the p-waves have been incorporated recently in the 

chiral amplitudes p3| , p4l , and a first estimation of their contribution to the in- medium prop- 



erties of the antikaons has also been recently reported ||25|| . 

One must keep in mind that heavy-ion collisions produce dense and hot matter. There- 
fore, to learn about the meson properties in this environment, it is necessary to incorporate 
in the formalism not only the medium effects but also those associated with having a finite 
non-zero temperature. The purpose of the present work is, precisely, to develop a proper 
self-consistent calculation of the antikaon properties in a dense and hot medium, extending 
to finite T our previous T = model |J . We will indeed show that the antikaon properties at 
finite T depend very strongly on the treatment of the medium. The present work focuses on 
typical scenarios found in heavy-ion collisions at GSI. For this reason, results will be shown 
up to densities of twice nuclear saturation density and up to temperatures of 70 MeV. 



We have organized the present paper as follows. In Sect. [TT]we first review our formalism 
at T = and include some updated ingredients, such as the incorporation of the pion self- 
energy and the use of some slightly different prescriptions for the single-particle energies 
of the baryons. Next, we show how we treat the temperature effects, which amount to 
using the appropriate finite T nucleon Pauli blocking factor, as well as using temperature 
dependent self-energies for the mesons (antikaons and pions) and the nucleons. Some lengthy 
derivations are relegated to the appendix. Our results are presented and discussed in Sect. [D I 



and the concluding remarks are given in Sect. IV. 



II. FORMALISM 

In this section we review the calculation of the single-particle potential of the K meson 
at T = in symmetric nuclear matter. In addition to the self-consistent incorporation of 
the K self-energy, as done in our previous work |J, we also include here the self-energy of 
the pion in the intermediate ttA, 7rS states present in the construction of the KN effective 
interaction, since this was shown to be important in Ref. 0. In a further step, we extend 
the model to finite temperature, which affects the Pauli blocking of the nucleons in the 
intermediate states, as well as the dressing of mesons and baryons. 



A. Revision of the T = formalism 



In Ref. ||, the effective KN interaction in the nuclear medium (G-matrix) at T = 
was derived from a meson-baryon bare interaction built in the meson exchange framework 



22| . As the bare interaction permits transitions from the KN channel to the 7rS and 7rA 
ones, all having strangeness 5* = —1, we are confronted with a coupled channel problem. 
Working in isospin coupled basis, the KN channel can have isospin / = or / = 1, so the 
resultant G-matrices are classified according to the value of isospin. For 1 = 0, KN and 
7rS are the only channels available, while for 1 = 1 the ttA channel is also allowed. In a 
schematic notation, each G-matrix fulfills the coupled channel equation 



(M 1 B 1 | G(Q) I M 2 B 2 )= {M X B X \ V(yfs) \ M 2 B 2 ) 

+ ]T (M 1 B 1 I V(yCs) I M 3 B 3 )- Qm * b * (M 3 B 3 I G(n) | M 2 5 2 ) , (1) 

M3B3 S ' ~~ h M z ~ &b 3 + IT] 

where Q is the so-called starting energy, given in the lab frame, and y/s is the invariant 
center-of-mass energy. In Eq. (|1|), M, and Bi represent, respectively, the possible mesons 
(K, 7r) and baryons (N, A, E), and their corresponding quantum numbers, such as coupled 
spin and isospin, and linear momentum. The function Qm 3 b 3 stands for the Pauli operator 
preventing the nucleons in the intermediate states from occupying already filled ones. 

The prescription for the single-particle energies of all the mesons and baryons partici- 
pating in the reaction and in the intermediate states is written as 



E Mi{Bi )(k) = ^/k 2 + m\ um + U Mi ( Bi )(k, Ef um ) , (2) 

where Umjba is the single-particle potential of each meson (baryon) calculated at the real 
quasi-particle energy E^, B ,y For baryons, this quasi-particle energy is given by 



E% i (k) = yJk2 + m% + U Bi (k) , (3) 
while, for mesons, it is obtained by solving the following equation 

(Ell(k)) 2 = k 2 + ml Ii+ ReU Mi (k,Ell) , (4) 

where 11^. is the meson self-energy. 

The K single-particle potential in the Brueckner-Hartree-Fock approach is schematically 
given by 

U R (k R , Ef) = J2 (KN I G RN ^ RN (n = Eg + Eg) I KN) , (5) 

N<F 

where the summation over nucleon states is limited by the nucleon Fermi momentum. The 
K self-energy is obtained from the optical potential through the relation 



U R (k R , u) = 2Jk 2 R + m\ U- k (k R , u) . (6) 
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As it can be easily seen from Eq. ([5]), since the KN effective interaction {G- matrix) depends 
on the K single-particle energy, which in turn depends on the K potential through Eq. (^j), 
we are confronted with a self-consistency problem. 

We proceed as in Ref . || , where self-consistency for the optical potential was demanded 
at the quasi-particle energy. After self-consistency is reached, the complete K energy-and- 
momentum dependent self-energy of the K can be obtained, from which the K propagator 

and the corresponding spectral density, defined as 

Sk{ k K^) = --ImD R (k R ,u) , (8) 

7T 

can be derived. We note that our self-consistent procedure amounts to replacing in the K 
propagator the energy dependent self-energy, Il R (k R ,uj), by that evaluated at the quasi- 
particle energy, Il R (k R ,u = E^(k R )). This is what we refer to as the quasi-particle self- 
consistent approach, which retains the position and the width of the peak of the K spectral 
function at each iteration. This simplification versus the more complete self-consistent job 
done in Refs. j5],^| allows one to perform analytically the energy integral of the intermediate 
loops, thus reducing the four- dimensional integral equation to a three-dimensional one. 

In this paper, our model at T = has been reviewed by implementing some modifications 
in the properties of the baryons and mesons. Firstly, we have introduced slight modifications 
in the single-particle potential of the A and E hyperons, following the parameterization of 



Ref. [26 



Ua,M = -340p + 1087V , (9) 

which is more appropriate in the high density regime than the simple parameterization, 
linear in p, used previously. 

For nucleons, we have used a relativistic a—u model, where the scalar and vector coupling 
constants, g s and g v respectively, are density dependent |27J . This is a simple way to mimic 
results from Dirac-Brueckner-Hartree-Fock calculations. 
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The most important modification comes from the introduction of the pion self-energy, 
U n (k 7T , u), in the intermediate 7r£, 7rA states present in the construction of the KN effective 
interaction. The pion is dressed with the momentum and energy-dependent self-energy 
already used in Ref. ||. This self-energy incorporates a p-wave piece built up from the 
coupling to lp — lh, 1A — lh and 2p — 2h excitations, plus short-range correlations. The 
model also contains a small and constant s-wave part (see the appendix for details and 
appropriate references of the model). 

As in the case of the K meson, we can define a pion optical potential, U n (k n ,u), from 
the complete 7r self-energy. We use 

U n (k n , cu) = ^kl + ml + U n (K,cu) - yfi* + ml , (10) 

which ensures that, when inserted in the G- matrix equation, one is using a quasiparticle 
approximation to the spectral function, with the peak located at the right quasiparticle 
energy defined in Eq. (|J). Due to the small mass of the pion, it has not been possible to 
retain only the first term in the expansion of the first square root of Eq. fllPf ), as we did for 
the K meson. 

The spectral density for 7r is calculated from Eqs. (0) and (|8]), by replacing the K 
properties for those of the tt. 

B. Temperature effects 

The introduction of temperature in the calculation of the G-matrix affects the Pauli 
blocking of the intermediate nucleon states, as well as the dressing of mesons and baryons. 
The G- matrix equation at finite T reads formally as in Eq. (jl]), but replacing 

Qmb —> Qmb{T) 
G(Q) -> G(Q,T) 
Em , E B — ► E M (T) , E B (T) . 
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The function Qmb(T) is unity for meson- hyperon states while, for KN states, it follows 
the law 1 — n(k N ,T), where n(k]y,T) is the nucleon Fermi distribution at the corresponding 
temperature 

n(k N ,T) = f^- r . (11) 

1+eV T ) 

The nucleonic spectrum at finite T, E^^k^jT), is obtained following a a — uj model that 
will be described below and ji is the chemical potential obtained imposing the normalization 
property 

P= J^f J d 3 k N n(k N ,T) , (12) 

at each density p, where v = 4 is the degeneration factor of symmetric nuclear matter. 

As in the T = case, we perform an angle average of the Pauli operator Q RN (T), a 
strategy which facilitates the solution of the G-matrix equation in a partial wave basis. We 
first define P and k as the total and relative momenta of the KN pair, respectively, 

P = k R + k N , k= m ^~ m ^\ (13) 

m R + m N 

which allow us to rewrite the nucleon and antikaon momenta in the laboratory system, k^ 
and k R , as 

k N = -k + -^P, k R = k + -L-P, (14) 

where m^, m N are the kaon, nucleon masses, respectively, and £ = — — . In terms of the 

ttik 

total and relative momenta, the Pauli operator Q RN (k N ,T) reads Qrn{\ i+f-^ ~ k \iT) , 
which shows explicitly the dependence on the angle between P and k. This dependence is 
eliminated in the G-matrix equation by replacing Qkn by its angle average 

Q RN (P, k,T) = \ £ dx Qrn(P, k, T) = ± ln ^+^b » ( 15 ) 

where 
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A /x fc 2 + (^) 2 P 2 

Temperature also affects the properties of the particles involved in the process. The K 
optical potential at a given temperature is calculated according to 

U R (k R , Eg, T) = J d 3 k N n(k N , T) (KN | G RN _> RN (tt = E% + Eg, T) \ KN) . (17) 

Once more, this is a self-consistent problem for U R . More explicitly, using the partial wave 
components of the G-matrix, we obtain (similarly to Ref. ||) 

U R (k R ,Eg,T) = 1 £ (2J + 1)(2/ + 1) / n(k N ,T) k 2 N dk N (18) 
x((KN);k\G LJI (P,Eg(k R ) + E%(k N ),T)\(KN);k) , 

where k and P are the relative and center-of-mass momentum, respectively, averaged over the 
angle between the external K momentum in the lab system, k R , and the internal momentum 
of the nucleon, k^- In the actual calculations, we include partial waves up to L = 4. 

We also have to pay attention to the temperature effects on the properties of the other 
hadrons participating in the process. We have to be especially careful with the pion, since 
its small mass makes it very sensitive to variations in its properties. As mentioned before, 
the pion self-energy at T = has been obtained following a model that includes the coupling 
to lp — lh, 1A — lh and 2p — 2h excitations. The details on how this model is modified by 
the effect of a finite temperature are presented in the appendix. 

In the case of nucleons, we have introduced temperature effects following the Walecka 



a — us model |28| , using the density dependent scalar and vector coupling constants at T = 
given in Ref. [27j. We have obtained the baryonic chemical potential, /x, the effective mass, 
m* , and the vector potential, S°, simultaneously, fixing the temperature and the density. The 



value of /i is defined via the baryonic density, p, [see Eqs. ( |TTD and (0)], where E^{k^,T) 
is the nucleonic energy spectrum, 



E N {k N , T) = Jk% + m*(T)2 - S° , (19) 



and Eo and m* are defined as 

\m v J 

m*(T) =m- {—) 2 j^ I d 3 k N m * {T) n(k N ,T) . (20) 

One clearly sees that, given g s and g v at T = 0, and a fixed p, S° is easily obtained. On 
the other hand, a simultaneous solution of p and m* is needed to determine the nucleonic 
spectrum. 

We note that the antiparticle contribution to the density p has been proven to be neg- 
ligible, so it is not considered here. We have not considered either changes in the hyperon 
properties induced by the use of a finite temperature. We have checked, in a schematic 
Skyrme-Hartree-Fock calculation, that these changes are small within the temperature range 
explored in this work. 



III. RESULTS 

We start this section by studying the effect of the temperature on the nucleon spectrum 
and the pion self-energy, both of them crucial ingredients for the calculation of U^. In 
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Fig. [I], the nucleon spectrum and the nucleon potential, defined as = E N — \Jk 2 N + m 
are given as functions of the nucleon momentum for various temperatures at the nuclear 
saturation density po = 0.17 fm~ 3 . The lowest curves in both graphs correspond to T = 
and, as the value of the temperature increases up to T = 70 MeV (solid lines), the attractive 
potential gets reduced from around —80 MeV to —40 MeV at = 0. Consequently, the 
energy spectrum for k^ = goes from 860 MeV to 900 MeV. A similar trend is observed for 
higher values of the nucleon momentum. This behavior is well known for the a — u models, 
as it is reported in Ref. 



The next two figures give us information about the pion self-energy and how it is modified 
by temperature. Figure displays the spectral density of the pion as a function of energy 
at nuclear saturation density, p = 0.17 fm -3 , for two pion momenta, k n = 200,400 MeV, 
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and two different temperatures, T = MeV (dotted lines) and T = 70 MeV (solid lines). 
At T = 0, the structure of the lp — lh excitations can be seen very clearly on the left side 
of the quasiparticle peak. This structure smooths out as temperature increases. The effect 
of 1A — lh excitations is more difficult to be identified for these two momenta. It is only 
somewhat appreciated at T = by a slower fall of the spectral function with energy to the 
right of the quasiparticle peak. The effect of temperature is to move the quasiparticle peak 
slightly away from the T = position towards lower energies, making it noticeably wider. 

In Fig. H] we show the pion optical potential as defined in Eq. (|Tol). The real and imaginary 
parts of the pion optical potential at nuclear saturation density are displayed as functions of 
the pion momentum, k v , for different temperatures. The dotted lines correspond to T = 0, 
and the results for the highest temperature studied, T = 70 MeV, are represented by the 
solid ones. In the region of pion momenta explored here, the imaginary part shows a stronger 
dependence on the temperature than the real part, which is practically T- independent. Note 
that the quasiparticle energy, which defines the position of the quasiparticle peak in the 
spectral function, is determined through the real part of the pion self-energy [see Eq. (Q)], 
and it is not directly obtained from Re U n , where U n is given in Eq. flTU|). This explains that, 
while Re U n at k n = 400 MeV is practically the same for T = and 70 MeV, the location of 
the peak differs more markedly. Similarly, the width (or height) of the peak for the different 
temperatures cannot be directly calculated from lmU n , but has to be obtained from IhlII^ 
at the quasiparticle energy. 

Once the pion self-energy is introduced in the calculation of the K optical potential, its 
effects can be studied by comparing the results obtained by dressing only the K mesons 
with those in which not only the K mesons but also the pions in the intermediate meson- 
baryon states are dressed. In Fig. |], the real and imaginary parts of the K optical potential 
at nuclear saturation density are shown as functions of the antikaon momentum, kg, for 
different temperatures. On the left panels, only the K mesons have been dressed, while 
the results on the right panels incorporate, in addition, the dressing of the pions. Dotted 
lines correspond to T = and solid lines to T = 70 MeV. At T = we find the same 
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qualitative effects from dressing the pions as those found by the chiral model shown in 
Ref. p§| . When the pions are dressed, the real part of the antikaon potential becomes less 
attractive and the imaginary part loses structure. This behavior is a direct consequence of a 
smoother energy dependence of the KN effective interaction when the pions are dressed [see 
Fig. 4 in Ref. ||], as well as to the fact that, due to the less attractive antikaon potential, 
one explores this interaction at higher energies, further away from the resonant structure. 
When temperature increases, the optical potential loses attraction and absorptive power, 
although the effect is moderate. The reason is obvious: as it can be seen from Eq. (|l~7|), 
and assuming a weak dependence of the effective interaction G^n on temperature, at a 
non-vanishing T, one is averaging over higher momentum states, where this interaction is 
weaker. Nevertheless, at sufficient high T [see the 70 MeV results on the right panels], 
one starts to gain some attraction and absorption. Evidently, this is a consequence of the 
T-dependence of the effective interaction. To visualize this additional dependence on T, we 
show in Fig. |^, the effective KN interaction for the channels L = 0, I = and L = 0, / = 1, 
at zero center-of-mass momentum, for two different temperatures, T = (dotted lines) and 
T = 70 MeV (solid lines). The general trends of the effective KN interaction at these two 
temperatures are similar but there are small differences that explain the behavior observed 
in the previous figure for the K optical potential. Indeed, the KN amplitudes involved in 
the construction of the K optical potential correspond to energies above 1300 MeV and, in 
that region, the magnitude of the real part of the T = 70 amplitudes is larger than the T = 
ones, thereby compensating the loss of attraction induced by the higher relative momentum 
components present in the K optical potential at finite T. 

It is especially interesting to observe the structure in the 1 = amplitude appearing below 
the 7rS threshold, a region in energy not explored in previous works |5]|],§] . It appears that 
the resonance in the medium, previously identified with the bump in the imaginary part 
around 1400 MeV, might be more appropriately identified with the more pronounced peak 
appearing around 1300 MeV. Whether this is a new resonance (an additional pole in the 
complex plane) or just a reflection of the same one but distorted by the presence of a cusp at 
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the 7rE threshold is something that deserves further study. At the moment, we can only say 
that there is an enhanced probability of finding a state with A-like quantum numbers around 
1300 MeV. We note that this would have been signaled by a pole in the real axis if neither 
the pions nor the antikaons would have been dressed, since in this case there would not have 
been allowed states to decay to. In the self-consistent many-body approach used here, the 
states to which this peaked structure can decay are of the type 7r(p/i)£ or K(Ahir)N, where 
in parentheses we have denoted an example for the component of the ir and K mesons that 
could show up at energies below the 7rE threshold. 

We have also studied the contributions of angular momentum components larger than 
L = to the antikaon optical potential, as we did in our T = work ||. In Fig. || we 
display the contribution of the different partial waves to the real and imaginary parts of the 
K optical potential at nuclear saturation density and a temperature of T = 70 MeV. We 
observe that, adding the higher partial waves to the L = contribution, produces significant 
changes. The momentum dependence of the K optical potential becomes smoother, the real 
part becomes more attractive, and the imaginary part increases by about 25% at = 
and by 50% at momenta around 500 MeV/c. 

In Fig. [7| we plot the real and imaginary parts of as functions of temperature for 
different densities. It is interesting to observe that depends very weakly on temperature 
and stays attractive over the whole range of temperatures explored. This is qualitatively 
different from the results shown in Fig. 2 of Ref . , where the potential becomes repulsive 
at a finite temperature of T = 30 MeV for p = p . We note that, although in that work 
a self-consistent scheme was also applied, the only source of medium effects in their Fig. 2 
is the Pauli blocking of the nucleons in the intermediate states. As noted in Ref. j7|, the 
transition from attraction at T = to repulsion at finite T is in fact a consequence of 
the weakened Pauli blocking effects associated to a thermal smearing of the Fermi surface, 
such that eventually one is recovering the p = repulsive behavior. We have checked that, 
under the same conditions, we obtain the same qualitative behavior. Therefore, the results 
shown in Fig. [7] demonstrate that self-consistency effects have a tremendous influence on the 
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behavior of the K optical potential with temperature. In particular, for temperatures as 
high as 70 MeV, the real part of Ug(kg = 0) at p is very similar to that at T = 0, having 
lost only about 10 MeV of attraction. Hence, our results, based on a fully self-consistent 
calculation, do not support the claims that the K optical potential might be repulsive at 
finite T. The attraction found here for the K optical potential at finite p and T, together 
with enhanced in-medium K~ production cross sections [f7yi9ll, may help to explain the 
enhanced K~/K + ratio measured at GSI by the KaoS collaboration |)l4f . 

Finally, in Fig. || we present the K spectral function as a function of energy for two 
momentum values, kg = and 400 MeV/c, at T = (dotted lines) and T = 70 MeV 
(solid lines). The structures observed on the left hand side of the peaks, especially visible 
for the T = spectral functions, are due to the excitation of hyperon-hole states with K 
quantum numbers that are present when the L = 1 components of the KN interaction 
are incorporated. We note, however, that the highest peak observed in the T = spectral 
function for kg = corresponds to the enhancement observed in the 1 = KN amplitude 
below the 7rS threshold. The inclusion of a finite T washes most of these structures out, 
and the resulting spectral functions show basically a single pronounced peak. 



IV. CONCLUSIONS 

We have studied the KN interaction in hot and dense matter by extending to finite T 
our previous T = model, which is based on a self-consistent coupled-channel calculation 
taking, as bare interaction, the meson-exchange potential of the Julich group. 

Although more moderate than in the T = case, we have also found at finite temperature 
that dressing the pions in the intermediate nY loops has a strong influence on the KN 
amplitudes and, consequently, on the K optical potential. 

Partial waves higher than the L = component of the KN effective interaction contribute 
significantly to the antikaon optical potential at finite temperature. The real part gains 
attraction and the imaginary part becomes more absorptive. At a momentum of 500 MeV/c, 
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the contribution of the L > components is as large as that of the L = ones. 

We have found that self-consistency effects have a tremendous influence on the behavior 
of the antikaon optical potential with temperature. At normal saturation density, the optical 
potential remains attractive for temperatures as large as 70 MeV, contrary to what would be 
observed if only Pauli blocking medium effects were considered, which would give a repulsive 
optical potential at these high temperatures. 

In general, temperature effects smear out the different observables with respect to the 
T = case. For instance, the antikaon spectral function at finite temperature shows much 
less structure than that at T = 0, reducing its shape basically to a peak located at the 
quasiparticle energy. 

The attractive potential found here for finite density, finite temperature and finite mo- 
mentum, i.e. for the typical scenario found in heavy-ion collisions at GSI, is especially 
interesting to understand the enhanced K~/K + ratio measured by the KaoS collaboration 
at GSI, together with other mechanisms that have been already suggested in the literature, 
such as an enhanced production of K~ through nY collisions. Work along these lines is in 
progress. 
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APPENDIX 



In this appendix we show how to obtain the pion self-energy at finite temperature. First, 
we will review the formalism at T = 0. 

When the pion propagates in nuclear matter, it scatters with the surrounding nucleons 
and the basic first order response of the medium to the propagation of the pion field is the 
excitation of a particle- hole pair. In the region of intermediate energies (T n = — 300 MeV), 
A — hole excitation also takes place due to the excitation of internal degrees of freedom of 
the nucleon. Therefore, to obtain the pion self-energy in symmetric nuclear matter at T = 0, 
both effects have to be taken into account. We follow the nomenclature, parameters and 



approximations mentioned in the appendix of Ref. [p0 |. According to this reference, the two 



contributions to the pion self-energy can be written as 



m,Q°)=( — ) q 2 U(q,q°) (A.1) 
U(q,q°)=U N (q,q°)+U A (q,q ) , 

where U(q, q° ) is the sum of lp — lh and 1A — lh Lindhard functions, which at T = read 

U N (q,q°)= (A.2) 



2 



V N 



d 3 k 

(2^)3 



e{k F -\k\)(l-e(k F -\k + g\)) | 6{k F - \k + g\){l - 0(k F - \k\)) 
q° + E N (k) - E N (k + q)+ ir) -q° - E N (k) + E N (k + q)+ if] 



U A (q,q°)= (A.3) 
d 3 k 9(k F -\k\) 6(k F -\k + q\) 



"a 



+ 



(2tt)3 q o + En 0) _ E A (k + q) + i^p -q° + E N (k + q) - E A (k) + 
where and v A contain the sum over spin-isospin degrees of freedom in symmetric nuclear 
matter. In the case of 1 A — lh, it also includes the decay constant f A fitted experimentally. 
Hence, 



vn = 4 



^ =1 4(t) 2 > f = 2 - 13 - ^ 

9 \JnJ Jn 
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The quantity T(q,±q°) is the A width, which we take to depend only on the external 



variables of the pion, as in Ref. [30 



The definitions of the Lindhard functions, Eqs. ( |A.2 ) and ( |A.3| ), have been written ex- 



plicitly here in order to facilitate the comparison with the finite T case. On the other hand, 



the analytical results can be found in the appendix of Ref. |30[|. We also include in the 



pion self-energy the coupling to 2p — 2h excitations, following the phase-space approach of 



Ref. [31 



Once lp—lh (2p—2h) and 1A— lh excitations are computed, form-factors and short-range 
correlations are introduced. One pion exchange provides a good description of the nucleon- 
nucleon interaction for long distances, but this is not the only ingredient. At shorter distances 
other effects must be considered, such as correlated and uncorrelated two pion exchange and 
the exchange of heavier mesons. The final expression for the pion self-energy reads 

m<f)=F^) (-)V--^f|^ (A.5) 
U(q,q ) = U N (q,q°) + U A (q,q ) , 

where F(q, q° ) is the form factor, 

F(q,q ) = 



\A 2 - (q 02 - q 2 ) J 
A = 1200 MeV , (A.6) 

and g' the Landau-Migdal parameter taken from the particle-hole interaction described in 



Ref. p2| , which includes ti and p exchange modulated by the effect of nuclear short-range 
correlations. 

The pion self-energy also includes a s-wave piece 

Tfl 

IT(p) s _ wave = -4vr (1 + — ^) b p, (A.7) 

m N 



with bo = 0,0285 , taken from the parameterization of Ref. [^] , which is equivalent to the 



results of Ref. [34 fl. 
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A. lp — lh and 1A — lh Lindhard functions at finite temperature 



The effect of temperature in the pion self-energy comes from the modification of the 
Fermi sea. At a given temperature, nucleons are distributed following the corresponding 
Fermi-distribution. Then, U(q, q° ) transforms into 



U(q, q°, T) = U N (q, q°, T) + U A (q, q°, T) 



(A.8) 



with 



U N (q,q°,T) = 

d 3 k n{k,T)(l-n(k + q,T)) 



v N 



+ 



n{k + q,T){l - n{k,T)) 



(2tt) 3 q o + E N (k) - E N (k + q) + i v -q° - E N (k) + E N (k + q 



17] 



and 



(A.9) 



U A (q,q ,T) 
d 3 k 



(A.10) 



n{k, T) 



(^) 3 q° + E N (k)-E A (k + q) + 



■r(q°,q) 



+ 



n(k + q,T) 



-q° + E N (k + q)-E A (k)+i 



where the step function 6 for nucleons has been substituted by the distribution n(k,T) at 
the corresponding temperature. 

The imaginary part of U]y(q,q ,T) at finite temperature can be obtained analytically 



rp\ _ TT D ( ^ J) rp\ I T™ TTC ( '2 J) rp\ _ Jm TT D / w ^0 rp^ A _|_ q~§t- 



Im U N (q, g u , T) = Im U%(q, q», T) + Im U%(q, g u , T) = Im U N 
lmU N {q,q , T) = --np—^ In - — ^ cotanh I — I 



2 A;||<f| l-n(p-,T) 

?2 



(All) 
(A.12) 



l<?l 



2m,r 



P 



777^ 

\q\ 



2m„ 



where Im U$(q, q°, T) and Im U^(q, q°, T) are the imaginary parts of the direct and crossed 
contributions (first and second terms on the r.h.s. of Eq. ( A.9 ), respectively). 
The real part of UN{q,q°,T) is obtained via the dispersion relation 

toUMM - - 1 -p [*s Im[, f™ - Ip (A13) 



or, in a more compact form, 



ReU N (q,q°,T) 



1 , lvaU N {u',q,T) tanh(f^) 
— P I did 



7T 



q 







(A. 14) 



Eqs. (|A.12|) and ( |A.14|) define the nucleon Lindhard function at finite T. 



As mentioned in the appendix of Ref. [ 30f| , the 1A — lh Lindhard function at T = 0, 
U/\(q, q° ), can be derived analytically by neglecting the difference of k 2 terms in 



E N (k)-E A (k±q) 



k 2 



k 2 



q- 



kq 



+ m N - m A 



(A.15) 



2rriN 2mA 2m a i«a 

and assuming that the A width only depends on the external variables. We perform the 
same approximations at finite T. Redefining k + q — > —k in the second term on the r.h.s 
of Eq. ([A.10Q , such that it becomes the same as the first one but changing q° — > —q°, we 



finally arrive at 



U A (q,q°,T) 



2(H 
3 \f N 
m A 



m A p 
qkp 



dk k n(k, T) 



In 



q k 



±q° 



2mA 



(m A - m N ) + % 



n±q°,q. 



In 



z~ + l 



(A.16) 
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FIG. 1. Nucleon energy spectrum and nucleon potential at p = 0.17 fm -3 as function of the 



nucleon momentum for different temperatures. 
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IG. 2. Spectral density of the pion at p = 0.17 fm~ 3 as a function of energy 



200 MeV/c and k w = 400 MeV/c, and for T = MeV and T = 70 MeV. 
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FIG. 3. Real and imaginary parts of U n at p = 0.17 fm -3 as functions of the pion momentum 



for various temperatures. 
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FIG. 4. Real and imaginary parts of at p = 0.17 fm~ 3 as functions of the antikaon mo- 
mentum for several temperatures, dressing only K (left panels) and dressing both K and it (right 
panels) . 
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FIG. 5. Real and imaginary parts of the KN amplitude in the / = 0, L = channel (left panels) 
and the / = 1, L = channel (right panels) at p = 0.17 fm~ 3 as functions of the center-of-mass 
energy at total momentum + k^\ = for T = MeV and T = 70 MeV. 
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FIG. 6. Partial wave contributions to the real and imaginary parts of the K optical potential 



p = 0.17 fm 3 as functions of the antikaon momentum for T = 70 MeV. 
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FIG. 7. Real and imaginary parts of the K optical potential as functions of the temperature 
for different densities. 
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FIG. 8. Spectral density of the antikaon at p = 0.17 fm -3 as a function of energy for antikaon 



momenta k R = and k R = 400 MeV/c, and for T = MeV and T = 70 MeV. 
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